The objective of the present work is to evaluate the static and dynamic stability of the Unmanned Airplane for Ecological Conservation using the inviscid panel code CMARC. This code is capable of analyzing three-dimensional steady and unsteady flow around a complete airplane. The longitudinal aerodynamics was studied by a half-model of 3.616 panels, assuming symmetrical flow conditions. The lateral-directional aerodynamics was investigated using the complete model supposing asymmetric flow conditions. The stability coefficients were calculated and it can be concluded that the airplane is statically stable. Using these coefficients, the longitudinal and lateral-directional equations of motion were written, in order to evaluate the dynamic stability of the vehicle. The eigenvalues for each mode of motion were computed showing a convergent response for each one. Excellent flying qualities were achieved, rating in Level 1 for the Cooper and Harper scale. A comparison was done between the data obtained in the present work and the values obtained by two vortex lattice method codes and an analytical-empirical method. The values associated with longitudinal mode calculated by the different methods agree fairly well, but those ones linked with lateral-directional mode have a poor correlation.
Nomenclature

AS
= acceleration sensitivity b = wingspan CAP = control anticipation parameter C Do = viscous drag coefficient or parasite drag coefficient C Lo , C Mo = lift and pitching moment coefficient at zero angle of attack C Lq , C Mq = variation of lift, and pitching moment coefficients with pitch rate C Lu, C Du . C Mu = variation of lift, drag, and pitching moment coefficients with non-dimensional speed C Lα , C Dα , C Mα = lift, drag, and pitching moment slopes
= variation of lift, and pitching moment coefficients with rate of change of angle of attack C Lδe , C Mδe = variation of lift, and pitching moment coefficients with elevator deflection C ℓp , C np , C Yp = variation of rolling, yawing and side force coefficients with roll rate C ℓr , C nr , C Yr = variation of rolling, yawing and side force coefficients with yaw rate C ℓβ , C nβ , C Yβ = variation of rolling, yawing and side force coefficients with sideslip angle C ℓδr , C nδr , C Yδr = variation of rolling, yawing and side force coefficients with rudder angle C ℓδa , C nδa , C Yδa = variation of rolling, yawing and side force coefficients with aileron angle C θ , C φ , C ψ = cosine function of pitch, roll and yaw angles c = medium chord d = gust diameter e = Oswald efficiency factor g = gravity acceleration I x , I y , I z = rolling, pitching and yawing moments of inertia h o = stick fixed neutral point k = lift dependent drag factor or induced drag factor, k=(π·e·R A ) L, M, N = dynamic derivatives about rolling, pitching and yawing moment L T = correlation length of turbulence m = aircraft mass n = load factor p, q, r = roll, pitch and yaw rate p g , q g , r g = rotary gust velocity about x, y and z axes Q = dynamic pressure R A = wing aspect ratio S = wing surface S θ , S φ , S ψ = sine function of pitch, roll and yaw angles T = period t = time t 1/2 , N 1/2 = time and number of cycles to half-amplitude t 2 = time to double-amplitude u, w = longitudinal and vertical components of velocity u e , v e , w e = longitudinal, lateral and vertical components of gust velocity respect to earth axes u g , v g , w g = longitudinal, lateral and vertical components of gust velocity respect to wind airframe axes u o = initial forward speed w go = maximum vertical gust velocity wn = write noise function X, Y, Z = dynamic derivatives about forces x, y and z orientations β = sideslip angle β g = sideslip angle of gust velocity δ e , δ r , δ a = elevator, rudder and aileron deflections ζ = damping ratio θ, φ, ψ = pitch, roll and yaw angles θ o = initial pitch angle σ T = standard deviation of turbulence σ -1 = maximum time constant ω = gust frequency ω n = undamped natural frequency Subscribes p, q, r = derivative with respect to roll, pitch and yaw rates u, w = derivative with respect to longitudinal and vertical components of velocity w & = derivative with respect to rate of change of vertical velocity β = derivative with respect to sideslip angle δ e , δ r , δ a = derivative with respect to elevator, rudder and aileron deflections
I. Introduction
HE static and dynamic stability and flying qualities of the Unmanned Airplane for Ecological Conservation (ANCE) 1,2 have been evaluated and analyzed previously using mainly the vortex lattice method to compute the aerodynamic and stability coefficients.
3-6 Tornado 7 and Athena 8 codes, both based in the vortex lattice method, were used in different cases for these purposes. The vortex lattice method has limitations respect to the geometry fidelity, because using this method only lifting surfaces can be analized. 9 Moreover, this method simulates only steady and quasi-steady flow, and the stability coefficients with respect to rate of change of angle of attack must be obtained using analytical-empirical methods, such as Digital Datcom.
3, 10 In order to improve the geometry fidelity of the model, and to consider unsteady flow when this is necessary, an advanced panel method code can be used to get the stability coefficients.
The objective of the present work is to evaluate the static and dynamic stability of the ANCE by an inviscid panel method. The aerodynamic coefficients were calculated using the low order panel code CMARC. These coefficients were used to write the dynamic equations of motion, from which the eigenvalues to analyze the dynamic stability of the airplane were obtained. The time-domain control and atmospheric disturbance response had been studied.
T
The Unmanned Airplane for Ecological Conservation is a twin-boom airplane, driven by a single two-stroke reciprocating engine of 26 kW designed to scout for oil leakages in petroleum extraction areas. This light monoplane has a maximum take-off mass of 182.055 kg, and a rectangular and unswept wing of 5.187 m of span, and 3.133 m 2 of surface area, for an aspect ratio of 8.57. The center of gravity is located at 0.25c. It is expected that the ANCE will have a cruise speed of 41.18 m/s at 2,438 m above sea level for a wing Reynolds number of 1.413×10 6 . 1,2 Figure 1 shows an axonometric view of the ANCE.
The inviscid fluid flowfield around the ANCE was analyzed using CMARC, 11 version 6.6.0. This is a loworder panel method code which solves inviscid, irrotational and incompressible flow by the Laplace equation, and it is capable of analyzing the entire fluid flowfield around a three-dimensional arbitrary configuration.
11,12
This program, which is written in ANSI C language, 11 is an improved version of the Panel Method Ames Research Center (PMARC) program, version 12.
13
In CMARC, the surface of the entire configuration is represented by a distribution of doublet and source singularities. Like other low-order panel methods, CMARC assumes that the strengths of sources and doublets are constant over a panel. Wakes are shed from the trailing edges of wings and are also discretized into panels that have constant-strength doublet distributions.
14 The Laplace equation is solved using an internal Dirichlet boundary condition to obtain the singularity strength parameters.
11, 13 Once these are known, the velocity and potential fields are computed. The pressure field can then be calculated from an appropriate pressure-velocity relationship, and forces and moments are obtained by surface pressure integration.
11, 13 The induced drag can be computed by the Trefftz plane analysis, in order to improve accuracy.
11 CMARC also has the capability of using time-stepping wakes for steady and unsteady flow. 11,13 A complete discussion of the CMARC/PMARC method may be found in Ref. 11,13.
II. Static Stability Analysis
A. Longitudinal Aerodynamics
The panel model of the ANCE consists of 3,616 panels per side of the model and is shown in Fig. 2 . The landing gear, the camera and the engine were not included in the paneled geometry, due to the fact that the contribution of these components to inviscid forces and moments is assumed negligible. Symmetrical flow condition is taken to study longitudinal aerodynamics.
Steady flow was simulated around the ANCE to obtain the stability coefficients with respect to the variation of angle of attack and elevator deflection. Therefore, rigid wakes were added to the trailing edges of the wing-body arrangement, and tail assembly, as it is shown in Fig. 3 . Figure 4 shows the lift coefficient as a function of angle of attack for elevator deflection angles of -10, 0, and 10 deg. The lift coefficient at α=0 and δ e =0 is equal to 0.3273. The resultant lift slope is 5.420 rad -1 and the variation of lift coefficient with elevator angle is 0.6303 rad -1 . Figure 5 shows the lift coefficient as a function of the induced drag coefficient in three positions of elevator deflection. The induced drag factor at δ e =0 is equal to 0.0488, and the resultant drag coefficient slope is 0.173 rad -1 . Figure 6 shows pitching moment coefficient as a function of angle of attack for different elevator deflection angles. The resultant data indicates a longitudinal stable airplane, with a slope of pitching moment coefficient equal to -3.8388 rad -1 . The pitching moment coefficient at zero angle of attack is -0.0959 and the variation of pitching moment coefficient with elevator deflection is -2.6872 rad -1 . The neutral point is located at 0.958c.
To compute the stability coefficients with respect to pitch rate, CMARC simulates a flight path arc cambering the model at specific radius and velocity. Knowing that the distance at the center of flight path arc is equal to (n-1)·g/u o 2 and that the pitch rate is (n-1)·g/u o , 11,15 then lift and moment coefficients were estimated at different load factors from 1 to 3. The slope of the moment coefficient curve results equal to -18.6627 rad -1 and the variation of lift coefficient with pitch rate is 6.2209 rad -1 . Due to the fact that a sinusoidal phugoid motion can be used to isolate the α & derivatives, time-stepping wakes were used to compute the aerodynamic coefficients with respect to rate of change of angle of 
B. Lateral -directional Aerodynamics
For the lateral-directional analysis, both sides of the ANCE model are used, consisting of 7,232 panels assuming the asymmetric flow condition. The aerodynamic coefficients with respect to sideslip angle, rudder and aileron deflection were obtained assuming steady flow around the ANCE. Consequently, rigid wakes similar to those employed in the longitudinal analysis are used here. A baseline condition of α=0 and β=0 is taken.
The side force coefficient due to sideslip has a derivative equal to -0.3266 rad -1 . The airplane is laterally stable with a negative slope of -0.1375 rad -1 . The directional stability has a positive slope of 0.1891 rad -1 , meaning that the aircraft is directionally stable.
The variation of rolling, yawing and side force coefficients with rudder deflection were determined and these are -0.01719 rad -1 , 0.2922 rad -1 and -0.2807 rad -1 , respectively, at the zero sideslip condition. The variation of the rolling coefficient with aileron angle is -0.4297 rad -1 . It was observed that increasing the aileron angle increases the roll moment. The yawing moment variation with aileron angle has a derivative, 0.01719 rad -1 , and the side force variation with aileron angle is 0.002865 rad -1 . A steady flow was used to compute forces and moments employed to calculate yaw and roll rates. For yaw rate, an unsteady flow was used first, but the time-stepping wake hits against the aft fuselage section, contributed to making a wrong estimation of pressure coefficients. The variation of rolling, yawing and side force coefficients with roll rate are -1.1268 rad -1 , -0.03219 rad -1 and -0.005 rad -1 , respectively. The value of the yawing moment coefficient derivative due to yaw rate is -0.5265 rad -1 ; the rolling moment variation with yaw rate has a derivative, -0.2106 rad -1 , and the side force curve slope is 0.4212 rad -1 . Table 1 has a summary of stability coefficients and aerodynamic characteristics of the ANCE calculated by the low-order panel code CMARC, in comparison to the same data obtained in previous studies using the vortex lattice codes Tornado 6 and Athena, 5 the high-order panel code PAN AIR, 5 and the data obtained by the analytical-empirical software Digital Datcom. 10 In general, the longitudinal aerodynamics coefficients computed by CMARC agree well with these ones estimated by other methods. Excellent correlations are achieved for the lift dependent drag factor, the stick fixed neutral point and the lift coefficients at zero angle of attack between the data computed by PAN AIR and CMARC.
C. Verification
PAN AIR was used to analyze the linear aerodynamics of an early version of the ANCE, and an excellent agreement was achieved between the computed and experimental data estimated by wind tunnel tests. 16 C Lα and C Mα calculated by CMARC are larger than those ones obtained by PAN AIR and Athena. Apparently, CMARC tends to overestimate these coefficients. Same observation was made when the C Lα obtained by CMARC for the NPS Frog UAV was compared to the flight tests data.
11 The values of 
Dynamic Equations of Motion
The linearized longitudinal equations of motion are formulated in state space as x' = Ax + Bη + Cξ, where x= [Δu, Δw, Δq, Δθ] T is the state vector, η= [Δδe] T is the control vector, and ξ=[u g , w g , q g ] T is the gust disturbance vector. The matrices A, B and C contain the airplane's dimensional stability derivatives and they are given by Eqs. (1-3) . Matrix A can have four eigenvalues: two complex pairs associated with two oscillatory modes, the short-period and the phugoid. 17 The T is the gust disturbance vector . 17 Equations (4-6) define the matrices D, E and F using the lateraldirectional stability derivatives.
From matrix C, four eigenvalues can be obtained: a pair of complex roots, which represents the Dutch Roll mode, and two real roots for roll and spiral modes. Appendix A shows the mathematical expressions of dimensional derivatives contained in matrices A, B, C, D, E and F.
A. Results and Discussion
The values presented in Table 1 were used to calculate the dimensional stability derivatives, which were utilized to write the longitudinal and lateral-directional equations of motion. The minimum drag coefficient was estimated in a previous study by the classic technique presented by Hoerner, 18 and this is equal to 0.0275. 16 The rolling, pitching and yawing moments of inertia used in the analysis are 150, 400, 400 kg·m 2 , respectively. 4 The airplane velocity was placed as the Carson's speed, most practical cruise speed for propeller-driven airplanes, 19 
D
Four eigenvalues are obtained from matrix A, and they describe the two response longitudinal modes of motion: the short-period, λ 1,2 = -1.912 ± 4.7212i; and the phugoid, λ 3,4 = -0.0097 ± 0.244i. The eigenvalues of both modes indicate that the aircraft is longitudinally dynamically stable, because these are complex and have negative real parts. The phugoid has an undamped natural frequency of 0.2442 rad/s and for the short-period mode this is equal to 5.0937 rad/s. The damping ratios are 0.0397 and 0.3754 for the phugoid and the short-period modes, respectively. The time to half-amplitude at the short-period is equal to 0.3609 s, and at the phugoid is 71.1340 s.
The eigenvalues estimated from matrix D are associated with linearized lateral-directional motion: Dutch roll λ 1,2 = -0.454 ± 2.4785i; the roll mode, λ 3 = -6.7322 and the spiral mode, λ 4 = -0.0289.
The Dutch roll mode, which is described by a pair of complex roots, has a damped oscillation motion with 2.494 s of period, requiring 1.519 s to half-amplitude. The roots for the roll and spiral modes are real and negative, indicating a stable and heavily damped roll and spiral motions. These take 0.102 s and 23.875 s to double-amplitude, respectively. Table 2 Table 1 . Table 3 presents the values of the characteristics for the longitudinal and lateral-directional motions calculated using the coefficients obtained with CMARC, Digital Datcom, Tornado and Athena.
The eigenvalues associated with the phugoid mode estimated using stability coefficients obtained by the four different codes (CMARC, Digital Datcom, Tornado and Athena) show an excellent correlation. Those ones linked to the short-period mode achieved very good agreement. The Dutch roll characteristics and eigenvalues estimated using CMARC, Digital Datcom and Athena data are fairly well correlated. The roll mode eigenvalues obtained using the stability coefficients computed by CMARC and Tornado achieved good agreement. The spiral mode roots obtained via Athena and Tornado data are real and positive describing a divergent mode; those ones calculated by CMARC and Digital Datcom describe a convergent mode, although they are not well correlated.
B. Flying Qualities
The dynamic stability characteristics are used to evaluate the flying qualities of the airplane in the Cooper and Harper rating scale. 20 The criteria presented by Prosser and Wiler 21 to evaluate the flying qualities of remote piloted vehicles are used herein. The ANCE is classified according to size and maneuverability as class III, in flight phases B and C. Using the dynamic coefficients obtained with CMARC, the airplane rates for all the modes of motion in Level 1, with the exception of the phugoid mode because the damping ratio is slight fewer than required damping ratio.
Response to Control and Atmospheric Disturbances
A. Time-Domain Control Response
An analysis to illustrate the impact of the individual modes on the aircraft's response to control input was performed. The classical fourth-order Runge-Kutta method was used to integrate the longitudinal and lateraldirectional equations of motion obtaining the free response of motion as a function of time. The time step used for each simulation was 0.025 s. The longitudinal control input employed was a sinusoidal elevator variation of -5 deg for 0.5 s. The lateral-directional control inputs consist in analyzing separately the time-domain control response to a doublet pulse aileron variation of 10 deg for 0.5 s, and to a rudder deflection pulse input of 10 deg for 0.5 s. Figures  8-10 present the time histories obtained for the elevator, aileron and rudder deflection inputs, respectively, using the aerodynamic characteristics achieved by CMARC, Athena and Tornado.
A few differences are found for the longitudinal mode of response between the three aerodynamic models as it is shown in Fig. 8 . It is observed that the disturbances in the vertical velocity, pitch rate, and pitch angle decay quickly, and they approach to zero within 3-4 s. The disturbances in the longitudinal velocity persist for a while and decay slowly. Figures 9-10 show that the lateral-directional time-domain response attained for the three aerodynamic models have significant differences between them. One reason may be the dissimilarity between the values of the derivatives with respect to rudder and aileron deflection calculated by the three different methods. It is appreciated that a divergent response in the roll angle is obtained using the aerodynamic models associated with Tornado and Athena, whereas a convergent response is achieved using the CMARC data. This was predicted by the eigenvalue estimated for roll motion shown in Table 2 It is observed that the variables associated with the Dutch roll mode, represented by sideslip angle and yaw rate variations, approach to zero within 15 s for CMARC and Athena aerodynamic models, and within 5 s for the Tornado one. However, the divergent response in the roll angle disturbs the sideslip angle and yaw rate variations, and all of them tend to be divergent when the aerodynamics characteristics computed by the vortex lattice codes are used. The roll rate response shows a convergent response for each case. The roll rate variation decay to zero faster for the aileron disturbance than for the rudder one. 
B. Atmospheric Disturbances
To analyze the aircraft in free response of motion after an atmospheric disturbance, the velocity field has to be considered as frozen in space momentarily while the airplane transits through it with constant velocity. This velocity field (the input to the airframe) is modeled by a deterministic form (gust) and by a random form (turbulence). 15 The gust disturbance was idealized by the one-minus-cosine gust profile, which is specified by FAR 23 22 to determine gust-induced load factor and response. Equation (7) defines the vertical velocity for 0≤ t ≤ 2π/ω, where ω = (π·u o )/d. 
The atmospheric turbulence is modeled by Dryden's function; it is shown by Eq. (8) in its state space form: 
The fourth-order Runge-Kutta method was used to integrate the longitudinal equations of motion, with a time step of 0.025 s. Figure 11 presents the airplane response to a vertical gust of -7.62 m/s (-25 ft/s) and 7.55 m of diameter at 1,500 m over sea level, computed using the aerodynamic coefficients obtained via Tornado, Athena and CMARC. A [Δw/(Δu+u o )]) in the first 20 s is observed, followed by an aggressive and continued change in forward velocity. The variation in vertical velocity (linked with the short-period mode) goes down quickly after the perturbation, but the variables associated with the phugoid mode decay slowly and they continue to 400 s. The results achieved using the stability coefficients computed by CMARC, are very similar to those ones calculated by Tornado. Figure 12 illustrates the aircraft response to an atmospheric turbulence at 1,500 m over the sea level, with a standard deviation of 1.25 m/s and a correlation length of 150 m. The three aerodynamic models previously used, are employed again to acquire the aircraft response. The time histories obtained using the stability coefficients achieved by the three methods match each other. The atmospheric turbulence does not generate large reactions over the airframe.
Conclusions
The low-order panel code CMARC was used to compute the forces and moments on the Unmanned Airplane for Ecological Conservation. These values were utilized to calculate the stability coefficients and stability derivatives at a given flight condition. The negative values of C Mα and C ℓβ and a positive C nβ , demonstrate that the airplane is statically stable.
After the open-loop dynamic stability analysis, it is possible to conclude that the aircraft is dynamically stable. For the two modes of longitudinal motion of response, the short-period and the phugoid, the reaction is an oscillatory mode describing sinusoidal motion with an amplitude that decreases exponentially with time. The Dutch roll mode is damped and convergent, and the roll and the spiral modes of motion are convergent. The flying qualities for all the modes of motion are excellent, rating in Level 1 for the Cooper and Harper scale. The free response of motion after a disturbance was analyzed via control and atmospheric inputs. The time histories obtained from control inputs show satisfactory reactions. The violent change in angle of attack and the progressive variation in forward speed after a gust are not acceptable reactions for any airplane.
Comparisons were done between the data attained by CMARC and those ones achieved by the vortex lattice codes and an analytical-empirical method. In spite of the vortex lattice method limitations respect to the geometry fidelity and inability to simulate unsteady flow, no significant differences were found between the longitudinal static and dynamic stability analysis done by CMARC and those ones using the vortex lattice codes. Similarly, the analytical-empirical method on which Digital Datcom is based, gives longitudinal stability coefficients similar to those ones computed by CMARC, and the resulting dynamic analysis using the data obtained from both methods is related. Some differences were found among the values associated with the lateral-directional motion attained by different methods of analysis and CMARC. Tables A1 and A2 show the expressions of the stability derivatives based on the stability coefficients. 
Appendix A
